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Abstract

Compeacts prepared from SiC (70-55 wt%), ALO3 (10 wt%) and LaCrOs3 (20-35 wt%) by pressureless sintering in carbon at 1700°C
were studied for their oxidation resistance in air at 1300, 1400 and 1500°C. The oxidation resistance of the material at 1500°C was
dependent on the quantity of La,O3-A1,03-SiO, melt, which diffused from inside to the surface of the compacts. Instead, chromium
compounds were retained in the material and barred the melt diffusion. Nevertheless, at 1300°C, La,O5 of the compacts reacted with
SiO, and gave a dependable protective layer of lanthanum silicates. © 2000 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Silicon carbide is widely studied due to its promising
application and remarkable properties such as high
bending strength and oxidation resistance. However,
due to a strong covalent bonding in SiC, the techniques,
which allows us to obtain well-sintered SiC ceramic
materials, use hot, or hot isostatic pressing or tempera-
tures higher than 2000°C and use of sintering additives
such as alumina or alumina with yttria or other rare-
earth oxides [1-3]. In part I of the present study, it was
shown that compositions in the SiC-Al,O3;—La,0s—
Cr,03 system could be considered as alternative mat-
erial to the pure SiC material. Ceramic bodies of these
compositions containing up to 60 wt% SiC sinter up to
90% of theoretical density already at a temperature as
low as 1700°C and have fracture toughness of about 5
MPa m'/? as a result of in-situ synthesized LaAlO; and
chromium carbides. However, possible interaction
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between SiC and LaAlO; or chromium compounds under
oxidation atmosphere requires investigation of the stabi-
lity of the material and examination of its oxidation
resistance at high temperature.

Itis known that the oxidation resistance of SiC materials
containing oxide components such as alumina is strongly
dependent on the contents of the oxide, as was reported by
Singhal [4,5]. The oxide is suggested to promote the for-
mation of a liquid phase along with other impurities,
which are usually present in small quantities. The oxida-
tion tests of SiC containing up to 12 wt% Al,O5 in pure dry
oxygen at 1370°C showed a parabolic oxidation behavior.
Weight gains of compacts were observed to grow with an
increase in Al,O5; which, along with impurities, was con-
sidered to originate the formation of a low melting phase.

On the other hand, Matsumura et al. [6] observed a
favorable effect of chromium oxide additions on the
oxidation resistance of Al,O3;—SiC—C ceramics in air at
1400°C. This effect is considered to be caused by the for-
mation of a protective silica layer, which was promoted
by reaction between SiC and Cr,Os;.

Thus, this paper considers the roles of all included
oxide components — La,0O3, chromium compounds and
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Al,Oj3 in an oxidation behavior of the compositions in
SiC-Al,O3-La,05—Cr,05 system at 10 wt% Al,O;, the
ceramic bodies of which showed the best densification.

We also report an attempt to elucidate the processes
which proceeded during oxidation and gave rise to the
formation of an oxidized layer.

2. Experimental
2.1. Materials

Ultrafine pB-SiC (Betarundum by Ibiden Co., Ltd) with
mean particle size of 0.28 um and containing about 0.8
wt% free carbon and about 0.43 wt% free silica was used.
Al,O3 (Taimicron by Taimei Chemicals Co., Ltd) of
99.99% purity grade with mean particle size of 0.1 um
was used. LaCrO; synthesized from reagent grade
Cr,05 and La,Oj3 (Kishida Chemicals Co., Ltd) of 99.9
and 99.99% purity grades, respectively, were used.

As synthesized LaCrO3; had an average grain size of 2
pum, it was determined by SEM observation.

2.2. Fabrication of ceramics

The LaCrOs3, Al,O5 and SiC of compositions shown in
Table 1 were first thoroughly mixed in ethanol, dried and
again mixed with an aqueous solution containing 2-3 wt%
of polyethylene glycol. The resultant mixtures were dried,
passed through a 250 pm sieve, prepressed at 10 MPa and
cold isostatically pressed at 100 MPa to form compacts of
20x20x 14-16 mm. The compacts were buried with gra-
phite powder enclosed in an alumina crucible fitted with a
tight alumina lid and heated at 1700°C for 2 h.

2.3. Measurements

The compacts were characterized for their density and
open porosity with the Archimedes’ method. Phase
compositions of compacts after sintering were deter-
mined by X-ray diffraction analysis (XRD).

The oxidation behaviors of the compacts were studied
by continuous thermogravimetry using automatic electro-
balance. Polished samples of 10 x 18 mm, 2.5-3 mm thick,
were placed on platinum gauze and suspended from the

Table 1
The physicochemical properties of the compacts sintered in graphite at
1700°C for 2 h

Starting composition (wt%) Relative density (%) Open porosity (%)

SiC  LaCrO;  AlLO;

70 20 10 84.9 4.9
65 25 10 85.4 4

60 30 10 86.7 32
55 35 10 87.8 2.8

balance with a platinum wire in such a way as to be held in
a hot zone of a resistance pipe furnace. Oxidation tests
were performed at 1300, 1400 and 1500°C in static air.

The oxidized layer structures of samples tested at
1500°C were observed by SEM using the thin cross-sec-
tions which were fine polished with 0.5 um diamond and
etched in a 2% HF water solution for about 1-1.5 min.
The element distribution over the oxidized layer and
inside of the compact was done with X-ray diffraction
element analyzer (EDAX). After oxidation, the surfaces
of the oxidized layers and body of the compacts with
removed oxidized layer were also examined with the aid
of X-ray diffraction analysis (XRD).

The interface between the oxidized layer and compact
was analyzed by laser Raman spectroscopy.

3. Results and discussion

The sintered compacts before oxidation tests con-
tained SiC and LaAlO; phases as they were determined
by XRD analysis. The compacts were sintered to about
85-88% of theoretical density and had low open poros-
ity of 3-5% as shown in Table 1. The microstructure of
a compact sintered with 30 wt% LaCrO; is shown in
Fig. 1. According to optical microscopic observation,

A

Fig. 1. Optical photograph (A) and SEM micrograph (B) of micro-
structure of 60SiC-30LaCrOs—10A1,05 compact as sintered at 1700°C
for 2 h in graphite.
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the compact had a structure of matrix with 2-4 pm
whitish inclusions (see Fig. 1A). These inclusions are
determined by element analysis (see Table 2) to be some
kind of chromium carbides, which were formed by a
reaction of chromium oxide of the starting LaCrO; and
SiC. SEM observation showed that the matrix is com-
prised of dark silicon carbide grains with fine crystals
found over the grain boundaries of silicon carbide
grains (see Fig. 1B). Regarding the data of the compact
XRD analysis, these fine grains are likely to be LaAlO;
crystallized out from the liquid phase.

The results of oxidation tests at 1300, 1400 and
1500°C, presented as weight gain-vs-time curves of com-
pacts with 25 to 35 wt% of starting LaCrOs, are shown
in Fig. 2. As seen for all test temperatures, the weight
gain is characterized by faster growth over the first hours
of oxidation, slowing down with longer duration of oxi-
dation test. The latter effect is clearly seen on the curves
of materials during tests at 1300 and 1400°C.

In particular, the compact with 20 wt% LaCrO; showed
almost a stop of the weight gain after 10 h at 1300°C (see
Fig. 2). Such behavior is believed to be related to the effect
of a protective layer which is formed. As shown in Figs.
3b and 4a, XRD analysis of oxidized surfaces revealed
the peaks of the crystobalite phase and some uni-
dentified peaks, which probably appeared as super-
posing of differently oriented inclusions in the oxidized
layer. However, at 1300°C, the oxidized surface of the
compact with 20 wt% LaCrO; showed the strong peaks
of phases different from crystobalite and identified with
the aid of X-ray element analysis as lanthanum silicate.
Its needlelike crystals formed the oxidized layer of the
compact at 1300°C (see Fig. 5 and Table 2). At 1500°C,
the oxidized layers of materials differed by a structure in
relation to the starting LaCrO; content, as shown in
Fig. 6 and Table 2. Up to 25 wt% LaCrOs;, the oxidized
layer is made up of a glassy phase (gray area marked as
g) and crystals of crystobalite (dark grains marked as ¢).
With higher content of starting LaCrQOs, it is comprised

Table 2
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Weight gain, mg/em?

st : ! : H ;
600 1200 2 4 6 8
Temperature, °C

10 12
Time, hr

Weight gain, mg/em?
©

500 1100 2 4 6 8
Temperature, °C

10 12

Weight gain, mg/em?
Py

18 20
Time, hr

400 1000 2 4 6 8
Temperature, °C

Fig. 2. Oxidation resistance of SiC-LaCrO;—Al,O3 compacts in static
air at 1300, 1400 and 1500°C.

of needlelike crystals of lanthanum silicate (marked as s)
and the glass phase. Rounded pores seen in the oxidized
layers are entrapped gases of SiO and CO. As follows
from Fig. 7 showing element distribution over one of the
compacts, the oxidized layer is separated form the rest of
the compact with an interface layer where La, Al, Cr and
Si are not present while carbon was identified with the use
of Raman spectroscopy by a characteristic shift peak at
1570 cm~! (see Fig. 8) [8]. The carbon is believed to be

The results of element analysis for the oxydized layers and the inside parts of the compacts

Starting composition (wt%) Element (at%)

SiC LaCrO; Al,O3 (6] Al Si La Cr Remarks
70 20 10 54.8 0 43.1 2.3 0 Si0,, dark grain in the oxidized layer, ¢
- 10.7 50 36.8 3.12  Lanthanum silicates, needlelike grains found in the oxidized
layer after 20 h at 1300°C in air
65 25 10 54.6 0.7 41.9 2.5 0.23  SiO,, dark grain in the oxidized layer, ¢
60 30 10 54.3 0 42.8 2.87 0 Si0,, dark grain in the oxidation layer, ¢
38.1 2.2 20.3 392 0.2 Lanthanum silicates, needlelike grain in the oxidized layer, s
45.8 7.3 249 21.1 0.9 Grey area of lanthanum-alumina-silica glass, g
10.9 4.4 74.5 5.8 4.4 SiC and LaAlOs;, the inside part of the compact
7.9 2.2 28.6 4 57.2 Chromium carbide, white inclusions in the inside part of the compact
55 35 10 56.8 0.47 41.1 1.37 0.23  SiO,, dark grain in the oxidized layer, ¢
43.3 2.5 21.7 319 0.5 Lanthanum silicates, needlelike grain in the oxidized layer, s
45.1 6.9 25.1 227 0.3 Grey area of lanthanum—alumina-silica glass, g
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originated by oxidation of SiC under low partial pressure
of oxygen with evolution of SiO gas as follows [9]:

2SiC 4+ 0, — C+ 2Si0.

X-ray element analysis of the glass phase of the oxi-
dized layer showed that it included silica, aluminum and

b)
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lanthanum oxides (see Table 2). Data of element analy-
sis showed that the concentration of La in the oxidized
layer is 4-5 times higher than that in the inside of the
compact (see Table 2). LaAlO; or lanthanum-contain-
ing phase was also not identified by XRD analysis for
the inside part, as seen in Fig. 3c. Therefore, LaAlO;
crystals found over the grain boundaries of SiC were
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Fig. 3. XRD patterns of the compacts as sintered at 1700°C (a), oxidized surfaces of the compacts (b) and inside parts after oxidation in air at
1500°C (c): (V) SiC, ([O) crystobalite, (@) LaAlOs, (W) Cr3C,, unmarked peaks are unidentified phase.
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Fig. 4. XRD patterns of the oxidized surfaces of materials (a) and the inside part (b) after oxidation test at 1300 and 1400°C: (V) SiC, (OJ) SiO,
crystobalite, (@) LaAlOs, (H) La,Si,O, (W) Cr3C,, (bfl) chromium oxide (CrO,), unmarked peaks are unidentified phase.
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Fig. 5. SEM micrograph of the oxidized layer of 70SiC—20LaCrOs;—
10A1,0; compact after 20 h in air at 1300°C.
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reacted with silica and diffused as a melt to the oxida-
tion surface. According to Shiokawa et al. [7], a melt in
the La,O3-Al1,03-Si0; system can exist, beginning from
1400°C at a silica content as low as 20 wt%. Data of
element analysis also showed that La,O3 was, in par-
ticular, diffused better than Al,Os, since the concentra-
tions of Al did not differ greatly between the oxidized
layer and the inside part. Cr, as seen from Fig. 7, was
found both in the oxidized layer and inside part but in
different patterns. The Cr distribution in the inside part
resembles the pattern of chromium carbide inclusions
before oxidation, suggesting it to be unoxidized chro-
mium carbide, as shown by XRD data in Fig. 3c. In the
oxidized layer, Cr as chromium oxide was found close
to the interface layer in the form of streaks arranged

Fig. 6. SEM micrographs of oxidized layers of compacts oxidized in air at 1500°C for 12 h: (A) 70 wt% SiC, 10 wt% Al,03, 20 wt% LaCrOs; (B) 65 wt%
SiC, 10 wt% ALOs3, 25 wt% LaCrOs; (C) 60 wt% SiC, 10 wt% Al,O3, 30 wt% LaCrOs; (D) 55 wt% SiC, 10 wt% Al,Os, 35 wt% LaCrOs).
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Fig. 7. The graphs of element distribution over the oxidized compact of 60SiC-30LaCrO;-10A1,05 composition after 12 h at 1500°C in air.
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Fig. 8. The results of Raman spectroscopy analysis for the interface
layer of the oxidized 60:30:10 composition compact.

along the oxidation surface. Since the concentration of
Cr in the glass phase is negligible (Table 2), chromium
compounds would rather not be transported with the
liquid phase from the inside part of the material. It is
suggested that, on oxidation, the La,Os-rich melt,
which was gradually moving out towards a surface of
the compact, drove the chromium compounds out to a

periphery of the oxidized layer and arranged them in a
streak-like way.

The above observation suggests that the oxidation
resistance of the material should be mostly affected by
amounts of the La-rich liquid phase formed. Thus, Fig.
2 shows that the higher content of La,Os (from the
starting LaCrOsj) in the material resulted in higher
weight gains and worse oxidation resistance. On the
other hand, chromium compounds, since they were
retained by the compact, are not likely to affect
adversely the oxidation resistance of the material.
However, at 1300°C, when the temperature was con-
sidered to be low enough to cause the formation of the
liquid phase in large amounts, La,O3 promoted the for-
mation of a dependable protective layer from the lantha-
num silicate crystals at 20 wt% LaCrOs. XRD analysis, as
shown in Fig. 4b, also proved a smaller diffusion of La,O3
from the compact where LaAlO; phase was still present at
1300°C compared with the results at 1500°C.

4. Conclusions

The oxidation of the compositions in SiC-La,O;—
Cr,03-Al,05 system at 10 wt% Al,O5 was studied in air
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at 1300, 1400 and 1500°C. The increase in La,O3 con-
tent via LaCrOj; addition gave the increase in the weight
gain of material on oxidation. La,O; in the presence of
Al,Oj5 is responsible for the quantity of La,O3;—Al,03—
SiO, liquid phase formed on oxidation. This liquid
phase transports La,O; from the inside part of the
compact to the surface that impairs the oxidation resis-
tance of materials at temperatures higher than 1400°C.
The chromium compounds due to bad solubility in
La,05-Al1,03-Si0; liquid phase were retained by the
compacts and did not have an adverse effect on the
oxidation resistance of the material.

At lower than 1400°C, La,0O3;, along with silica, pro-
vided the protective layer from the lanthanum silicates.
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